Myelination of central nervous system axons increases action potential conduction velocity and increases the speed of information transfer. However, it is unclear whether myelination optimizes action potential conduction to achieve synchronicity and facilitate information processing within cortical and associative circuits. Here we show that myelin sheaths 25 remain plastic in the adult mouse and undergo subtle structural modifications to influence action potential conduction. Repetitive transcranial magnetic stimulation and spatial learning, two stimuli that modify neuronal activity, alter the length of the nodes of Ranvier and the size of the periaxonal space within active brain regions. This change in the axon-glial configuration, which is independent of oligodendrogenesis, tunes conduction velocity to increase the synchronicity of 30 action potential conduction.
Main Text:
Within the central nervous system (CNS), oligodendrocytes elaborate myelin internodes to facilitate the rapid and saltatory conduction of action potentials and to provide vital trophic support to axons via the periaxonal space (1). During development, the extension and retraction of internodes is regulated by neuronal activity and calcium signaling within the nascent myelin 5 sheaths [reviewed in (2) ], and after maturation, oligodendrocytes retain some capacity to lengthen or shorten their internodes (3, 4) . However, the extent to which mature oligodendrocytes can adapt, when the pattern of neuronal activity is altered, to dynamically modulate action potential conduction has not been explored.
To determine whether increased cortical activity can induce adaptive changes in mature, 10 myelinating oligodendrocytes, we labeled a subset of mature cortical oligodendrocytes, by giving tamoxifen to adult Plp-CreER::Tau-mGFP transgenic mice, one week prior to commencing noninvasive, low-intensity repetitive transcranial magnetic stimulation (rTMS) of the primary motor cortex (M1), using a specialized rodent coil (5). 14 days of intermittent theta burst stimulation (iTBS) did not alter the length of mGFP + internodes within M1 or the corpus callosum (CC), or 15 influence the number of internodes supported by an individual myelinating oligodendrocyte (Figures S1 and S2) . Overall, therefore, mature oligodendrocyte morphology was not grossly altered.
However, iTBS subtly changed myelin structure. Anchoring proteins expressed within the myelin loops of each internode interact with the axonal proteins contactin and contactin-associated protein 20 (Caspr) to form paranodes that maintain voltage-gated sodium channels (NaV1.6) at the nodes of Ranvier [reviewed in (2) ]. We immunolabeled coronal brain sections to visualize the nodes of Ranvier (NaV1.6) that were clearly flanked by two abutting paranodes (Caspr) (Figure 1A-D) , and found that iTBS shifted the node length distribution towards shorter nodes within M1 (Figure 1E) and the CC (Figure 1F) . This corresponded to a ~10% reduction in the average node length in M1 (inset Figure 1E) , and an ~8% decrease in the CC (Figure 1F) . 7 days after stimulation ceased, the M1 node length returned to sham levels in iTBS mice (Figure 1G) , suggestive of bidirectional plasticity. However, within the CC the length distribution remained significantly 5 shifted towards shorter nodes, corresponding to an ~11% decrease in average node length ( Figure   1H ).
Node lengthening occurs pathologically in response to cerebral microvascular disease (6) and demyelination induced by multiple sclerosis, but the nodal domains are restored at sites of remyelination (7) . Nodal elongation has also been observed acutely following a partial optic nerve 10 transection (8), and it has been reported that three days of chronic cerebral hypoperfusion is associated with a progressive lengthening of nodes, although this was accompanied by damage to the paranodal septate-like junctions (9). However, iTBS-induced nodal changes are unlikely to reflect a pathological response, as node length decreased (rather than increased) and no change was detected in the average length or length distribution of paranodes in M1 or the CC ( Figure   15 S3).
Patterns of neuronal activity can also be physiologically altered through learning, and motor learning has been shown to promote oligodendrogenesis and increase myelination of active neural circuits [reviewed in (2) ]. To investigate this, we exposed mice to spatial learning training in the radial arm maze (Figure S4) , to increase neuronal activity in the hippocampus, and then examined 20 node length in the fimbria, a major output tract of the hippocampus. Spatial learning shifted the node length distribution towards longer nodes and increased average node length by ~31% ( Figure   1I-K) . This was accompanied by a small but significant ~5% increase in paranode length ( Figure  S4 ). These data indicate that the nodes of Ranvier are dynamic and can shortened or lengthened in response to neuronal activity. Schneider et al. (10) recently demonstrated that ongoing oligodendrogenesis is required to maintain nodes at their usual length, as reducing cortical oligodendrogenesis lengthened the nodes of Ranvier. As iTBS does not alter oligodendrocyte addition in the adult mouse CC (5), 5 oligodendrogenesis is unlikely to explain iTBS-or learning-induced nodal plasticity. To confirm this, we prevented adult oligodendrogenesis using Pdgfrα-CreER TM ::Rosa26-YFP::Myrf fl/fl (Myrfdeleted) mice, to allow the conditional deletion of myelin regulatory factor (Myrf), a transcription factor essential for myelin production and maintenance (11). The conditional deletion of Myrf from adult oligodendrocyte progenitor cells reduced oligodendrogenesis in M1 and the CC by 10 >60% (Figure S5) ; however, iTBS significantly shifted the node length distribution towards shorter nodes in these mice (Figure 2A-D) , reducing node length in M1 by ~17% ( Figure 2C ) and in the CC by ~12% ( Figure 2D ). Our conclusion that node shortening during iTBS is mediated by mature and not newborn oligodendrocytes is further supported by our selective analysis of mature nodes of Ranvier. Nodes flanked by mGFP + internodes in Plp-CreER::Tau-mGFP 15 transgenic mice were formed prior to sham stimulation or iTBS (Figure 2E, F) , and yet iTBS significantly shortened these mature nodes by ~16% in M1 (Figure 2G ) and the CC (Figure 2H) .
The sustained activation of extracellular signal-regulated kinases 1 and 2 in mature oligodendrocytes shortens nodes by increasing myelin thickness (12). Transmission electron microscopy revealed that the g-ratio [axon diameter / (axon + myelin sheath diameter)] of 20 myelinated callosal axons was reduced by ~5% in iTBS mice compared to sham-stimulated mice (Figure 3A, B) , without any change in axon diameter (iTBS: 0.53 ± 0.17µm; sham: 0.58 ± 0.16µm, t-test p=0.09). A decreased g-ratio is often interpreted as increased myelin thickness; however, by counting the major dense lines within each myelin sheath, we found that the number of myelin wraps was not affected by treatment (Figure 3C-G) , and neither the thickness of each wrap ( Figure 3H) , nor the width of the inner tongue process (sham: 30.46 ± 2.31nm; iTBS: 32.14 ± 2.38nm, Mann-Whitney U test p=0.4) changed in response to iTBS treatment. Surprisingly, iTBS increased the width of the space between the axon and the myelin sheath, known as the periaxonal 5 space, by ~31% ( Figure 3I) . This is the first report of an ultrastructural adaptation of the periaxonal space in response to altered neuronal activity. The periaxonal space has been hypothesized to act as a receptacle for calcium, glutamate and potassium released by the axon during action potential propagation, as well as oligodendrocyte-derived lactate, which is then shuttled through the monocarboxylate transporter 10 2 to provide metabolic support to the axon [reviewed in (13)]. Periaxonal space ultrastructure is altered in mice deficient in myelin-associated glycoprotein (MAG), a protein expressed specifically in the periaxonal myelin membrane [reviewed in (14)], and vacuoles form within this space along optic nerve axons following connexin 32 / 47 knock-out, a phenotype largely attributed to impaired potassium buffering by oligodendrocytes (15). A marked swelling of the periaxonal 15 space also follows acute ischemic white matter injury and demyelination (16). However, vacuolization, or an uneven separation of myelin from axons, was not observed in our tissue, suggesting that the iTBS-induced expansion of the periaxonal space was not pathological, but a physiological adaptation to increased neuronal activity.
Spatial learning was also associated with periaxonal plasticity in the fimbria (Figure 3 ), inducing 20 a small but significant ~5.8% increase in the g-ratio of myelinated axons (Figure 3J , K) that was not explained by a change in axon diameter (learning: 0.56 ± 0.01µm, no-learning: 0.59 ± 0.01µm, mean ± SEM; Mann Whitney-U test p=0.14) or myelin wrap number (Figure 3L ), but which corresponded to an ~19% decrease in periaxonal space width (Figure 3M-O) . These data suggest that a single bidirectional mechanism links changes in neuronal activity with a change in myelin structure: iTBS was associated with a contraction of the nodes of Ranvier and an expansion of the periaxonal space for axons in the CC, whereas spatial learning was associated with an extension of the nodes of Ranvier and a contraction of the periaxonal space in the fimbria. 5 Alterations to both the periaxonal space (17, 18) and nodal domains (10, 19, 20) are predicted to exert a strong influence on conduction speed and may therefore impact the timing of action potentials, which is crucial for effective information processing. To determine how iTBS-induced changes in node length and periaxonal ultrastructure influence conduction speed, we performed computational simulations of action potential propagation in myelinated callosal axons by adapting 10 the mathematical model developed by Richardson and colleagues (21; see supplementary methods and Figures S6 and S7) . First, we used a parameter set matching the observations obtained in the sham condition (Table S1) , which resulted in a theoretical conduction velocity of 1.18m/s. Reducing the node length by 8%, as occurred during iTBS (Figure 1) , slowed action potential propagation by ~2.3%, whereas altering the myelin sheath parameters (decreased g-ratio + 15 increased periaxonal space; Figure 3 ) exerted a greater effect on conduction speed, effectively slowing propagation by ~8.7% (Figure 4A, B) . Finally, a fourth simulation implementing all ultrastructural changes observed following iTBS (reduced node length and g-ratio + increased periaxonal space) produced an additive effect, slowing conduction by ~10.9% (1.05m/s; Figure   4B ). 20 Consistent with our simulation data, ex vivo field potential recordings of compound action potentials (CAPs) in the CC revealed that myelinated axon conduction velocity was 1.27 ± 0.19 m/s under sham conditions and slowed by ~18% following iTBS (1.04 ± 0.19 m/s; Figure 4C , D).
In addition, the amplitude of the myelinated axon CAP increased by ~40% following iTBS ( Figure   4E ), and its half-width decreased by ~9% ( Figure 4F ), suggesting that a greater number of action potentials arrived simultaneously at the recording electrode. The unmyelinated axon component of the CAP was not altered by iTBS (Figure 4C-F) . These data suggest that, in response to altered neuronal activity, oligodendrocytes make subtle changes to myelin ultrastructure that impact the 5 length of nodes of Ranvier and the size of the periaxonal space, and fine-tune conduction velocity to increase the synchronicity of action potentials within the active circuit. In this way, mature, myelinating oligodendrocytes may contribute to the dynamic regulation of information processing in the central nervous system that ensures the ongoing adaptability of the neural network throughout life. 
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Materials and Methods
Animal housing
Male and female mice were housed in same sex groups, in individually ventilated cages (12 h light cycle, 21°C) with ad libitum access to food and water. Mice were randomly assigned to each treatment, but care was taken to ensure littermates were represented across treatment groups. All animal experiments were approved by the University of Tasmania Animal Ethics Committee and carried out in accordance with the Australian code of practice for the care and use of animals for scientific purposes. 
Transgenic lineage tracing and gene deletion
Spatial learning
To induce spatial learning, adult (P60) male and female C57BL/6J mice were trained in an 8-arm radial arm maze (RAM) task (Figure S4 ) over 14 days. Beginning 5 days prior to RAM training, non-learning and learning mice were given food rewards (Froot Loops® pieces) in their home cage, with their access to normal mouse chow being restricted to 8h per day. This food restriction protocol ensured that mice were maintained at ~90% of their free feeding body weight and were motivated to seek out and consume the food rewards when available.
The RAM was carried out using the multi-maze system for mice (Ugo-Basile) in a radial 8-arm configuration. RAM training consisted of two phases -a familiarization phase (days 1-3) and a learning phase (days 4-14) (Figure S4) , and each mouse underwent 3 trials per day, with 30 min between each trial. During the familiarization phase, all arms of the RAM were closed off and an individual mouse was placed in the octagonal center of the maze with a single Froot Loop® (cut into 8 uniformly sized pieces). The mouse remained in the center until all food rewards had been consumed, or 5 min had passed. No-learning control mice were exposed to the familiarization phase for the 14 days of the task, to ensure that they were subjected to the same environment and an equivalent level of handling and that they also received Froot Loops®, but they did not learn in the RAM (Figure S4A) . Learning mice proceeded to undertake a learning phase, in which the 8 pieces of Froot Loop® were distributed, so that one piece was placed at the end of each arm of the RAM. An individual mouse was placed in the center of the maze with the arm-doors closed. After 2 min, the doors simultaneously opened and the mouse could explore the maze until all food rewards were consumed, or 10 min had passed (Figure S4B) . Over the next 11 days, the mice learned that each arm contained a single food reward and that repeat entries would not result in another reward. Therefore, repeated entries into an arm in which the food reward had already been consumed was counted as an error, and the average number of errors made per trial was quantified as a measure of learning (Figure S4C) .
Tissue preparation and immunohistochemistry
Mice were perfusion-fixed with 4% paraformaldehyde (PFA; Sigma) (w/v) in phosphate buffered saline (PBS). Brains were cut into 2mm-thick coronal slices using a 1mm brain matrix (Kent Nuclei were labeled using Hoechst 33342 (1:1000; Invitrogen).
Confocal microscopy and cell quantification
Confocal images were collected using an UltraView Nikon Ti Microscope with Volocity Software 
Mathematical modeling
In order to evaluate the effect on action potential propagation of experimentally observed microscopic changes in node length and myelin structure (data from Figures S1, 1 and 3) , we adapted the mathematical model of action potential propagation in myelinated axons proposed by
Richardson and colleagues (model 'C', their Fig. 1; 21 
with the current conductance, V the membrane voltage at the node, = 60mV the reversal potential for sodium ions, and m and h some gating variables. Following the Hodgkin-Huxley formalism, each gating variable x in the model follows the generic equation:
with α and β some functions of V. For fast , α and β are given by: 
The persistent sodium current persistent is given by:
with:
The slow potassium current slow is given by:
with = −90mV the reversal potential for potassium ions and:
Finally, all membranes contain a leak current given by:
The Q10 for gates m, h, p and s are 2.2, 2.9, 2.2 and 3.0 respectively, described at 36°C [note that this has the effect of slowing down the kinetics of gates m, h and p with respect to McIntyre et al.
(25)]. All the other parameters of the model are given in Table S1 below. Numerical values were chosen to match those observed in experiments or adapted from (20). Myelin thickness was automatically calculated using:
with d the axon diameter, g the g-ratio and psw the periaxonal space width. Myelin lamella periodicity was taken as myelin thickness divided by 6.5 so that the number of wraps is 7 in all conditions, assuming that the extracellular space between myelin lamellae comprises part of the periodicity and to account for the fact that there is no extracellular space contributing to the total width of the myelin on the most external lamella. Unless stated otherwise, simulations were run using a time step of 0.1µs and 51 nodes. Internode segments were chosen to be <1µm (0.98µm; N = 52 segments per internode) and we verified that this was sufficient to reach convergence for the conduction velocity over the whole range of simulated axons (Figure S7) . Action potentials were triggered by a square pulse of 0.5nA lasting 10µs. The periaxonal space width was taken to be constant throughout the length of internodes. Ion channels at juxtaparanodes were not modelled, as is common in the field. When altering the length of the node of Ranvier (see below), the density of ion channels at the node was taken to be constant [see (20) for a systematic discussion of how this affects action potential conduction velocity].
To evaluate individually the effect of a node length reduction or the myelin sheath alterations on conduction velocity, we initially ran four sets of simulations. First, we used a parameter set matching the observations obtained in the sham condition (column 'Sham' in Table S1 ). We then ran the same simulations after reducing node lengths ('Short nodes'). Third, we ran simulations modifying the myelin sheath but keeping node length as per the sham condition ('Alt. myelin').
Finally, we ran a simulation with a fourth set of parameters implementing all the experimental changes observed following iTBS, i.e. a reduction in node length and alterations in the myelin sheath ('iTBS'). Simulations were run at 21°C and at 37°C (Figure S6) .
To evaluate the functional consequence of myelin alterations, we additionally ran a set of simulations varying the periaxonal space width from 0 to 20nm at both 21°C and 37°C (Figure   S6E, F) . These simulations show that at 37°C, the periaxonal space can tune action potential conduction velocity between 4.36m/s (psw = 0nm) and 1.25m/s (psw = 20nm; Figure S6E ). These numbers illustrate how potent and elegant this mechanism is, as it can speed up or slow down action potential conduction by a factor of 3.5 by making minor adjustments to the structure of myelinated axons. The functional consequences of this change to propagation speed at 37°C is to alter the arrival time of action potentials by 6ms over a distance of 1cm (Figure S6F) , enough to alter learning via spike-timing dependent plasticity for instance. (300 ± 5 mOsm / kg), before being transferred to ~21°C ACSF saturated with 95% O2 / 5% CO2.
Compound action potential recordings
CAPs were evoked by constant current, stimulus-isolated, square wave pulses (200 ms duration, delivered at 0.2 Hz), using a tungsten bipolar matrix stimulating electrode (FHC; MX21AEW), and detected using glass recording electrodes (1-3 MΩ) filled with 3M NaCl. To quantify CAP amplitude, the asymptotic maximum for the short-latency negative peak (myelinated peak, M; The conduction velocity of myelinated (M) and unmyelinated (UM) axons in the CC was estimated by changing the distance between the stimulating and recording electrodes from 1 to 3 mm, while holding the stimulus intensity constant (80% maximum). The peak latency of the M and UM axons was measured at each point and graphed relative to the distance separating the electrodes.
A linear regression analysis was then performed to yield a slope that is the inverse of the velocity for each brain slice. The average velocity for both CAP components (M, UM) was then determined for each animal (n=7 per group) and this value was used for statistical comparison.
Statistical analyses
The number of mice analyzed in each group (n) or the number of cells, axons, nodes or internodes is indicated in the corresponding figure legends. Data presented for n=mice are expressed as the mean ± SD and data presented for n=cells, axons, nodes or internodes are expressed as the mean ± SEM. All statistical analyses were performed using Prism 6 (GraphPad Software). All data were first assessed using the Shapiro-Wilk (n > 5) or Kolmogorov-Smirnov (n ≤ 5) normality tests Figure S4 . Spatial learning produces a very small increase in paranode length. (A) Schematic outlining the radial arm maze (RAM) procedure during the first 3 days of familiarization to the maze and over the following 11 days for no-learning control mice. Each dot represents a piece of Froot Loop® that was used as a food reward stimulus and placed in the center of the maze for each trial over a total of 14 days. (B) Schematic outlining the procedure during the familarization phase (first 3 days) and learning phase (last 11 days) of the RAM spatial learning task. Each dot represents a piece of Froot Loop® that was used as a food reward stimulus. Food rewards were placed in the center of the maze during the familiarization phase, but a single piece of Froot Loop® was placed at the end of each arm during each trial of the learning phase. Mice learned to enter each arm and consume the single food reward only once during a trial, with repeated entries into an arm in which the food reward was already consumed being recorded as a recall error. (C) Quantification of the average number of errors made across 3 trials each day by mice learning the RAM task. Over the course of 11 days the mice progressively learned the task and made fewer errors. (Figure 4) , the iTBS-induced reduction in node length produced a slight reduction in CV, while the iTBS-induced change in myelin structure (g-ratio and periaxonal space) produced a larger reduction in CV. When both modifications were simulated, their effect was additive, and reduced CV by 12.3%. (C) The longterm time course of action potentials generated by the model at 37°C. (D) The long-term time course of action potentials generated by the model at 21°C, highlighting two after-potential features; a slight depolarizing after-potential (DAP) and a hyperpolarizing after-potential (HAP), that matched those from axonal recordings of intramuscular myelinated rat axons made at roomtemperature (27). For simulations in C and D, the time step was changed to 2µs. (E) Modification of the periaxonal space width is a very effective mechanism for adjusting CV, as it changes CV by a factor of 3.5 (from 20 to 0 nm) when simulated at 21°C (cyan) or 37°C (red) for a constant myelinated axon volume. The iTBS-altered periaxonal space width is indicated by the vertical dashed line. Insets show the action potential waveform at the two extremities of the tested range (psw = 0nm and psw = 20nm) at 21°C (cyan) or 37°C (red). (F) Conduction delay over 1 cm when varying the periaxonal space width between 0 and 20 nm, simulated at 21°C (cyan) or 37°C (red).
Figure S7. Controls for the convergence of conduction velocity in mathematical simulations
Conduction velocity simulations were run at 21°C (A) or 37°C (B), inputting a periaxonal space width (psw) within the physiological range measured in the study (6.477nm) or at two extremes (psw = 0nm and psw = 20nm), and used an increasing number of segments per internode. In all scenarios, using N = 52 segments (finishing dots), ensured that a stable prediction of the conduction velocity was reached irrespective of the width of the periaxonal space. 
